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Abstract 
Soil samples were collected along soil profiles in the unrestored and restored wetlands of the Yellow River Delta, China in order 
to investigate the changes of soil properties along soil profiles after the implement of wetland restoration project in this region in 
2005. Results showed that soil pH showed a significant increase (p<0.001) from surface (0-10 cm) to subsurface soils (10-20 cm), 
while electric conductivity, total nitrogen, soil organic matter and total sulfur dropped sharply from surface to subsurface soils, 
and then they all kept stable at deeper soil layers in both types of wetlands. Soil pH and electric conductivity decreased after the 
restoration, while lower soil nutrients (eg. SOM, TN, TS) in top soil were also observed in restored wetland than those in 
unrestored wetland, except that total concentration of phosphorous and potassium. Total P and K were elevated in restored 
wetland along soil profiles. Correlation analysis showed that soil pH was significantly correlated with TS and TK in upper soils 
of the unrestored wetlands, while EC was significantly correlated with TS and TK in the restored wetlands. However, in deeper 
soil no significant correlations were observed between soil pH or EC with soil nutrients in both wetlands. 
 
© 2010 Published by Elsevier Ltd. 
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1. Introduction 
Spatial extent of wetlands may fluctuate over time in response to hydrological changes as hydrological processes 
are import in creating highly variable conditions in space and time which favor specific plant associations [1-3]. 
Coastal wetlands have been identified as the most vulnerable and sensitive ecosystems to global sea-level rise which 
can result in increased flooding, net loss of coastal wetlands and erosion of the coastline [4]. Meanwhile, coastal 
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wetlands have experienced anthropogenic losses due to reclamation, explosion and pollution etc. [5]. Over the past 
few decades, the rate at which coastal wetlands have been lost world-wide has averaged 0.5-1.5% per year [4]. 
Therefore, the restoration of lost coastal wetland has become the urgent task to maintain ecological security of 
coastal zones. 
In current years, most wetland restoration measures have been implemented in many countries [6,7]. Typically, 
wetland restoration mainly focuses on restoring three key components including hydrology, biology and soil of 
wetlands [6]. However, most practices have proved that the successful restoration rate for coastal wetlands is about 
45%, while only 12% for inland wetlands [8]. Thus it is necessary to continuously monitor ecological and 
environmental indicators of the resorted wetlands.  
The Yellow River Delta Natural Reserve, mainly created to protect the new wetland ecosystem and rare and 
endangered waterfowl, with the most integrated, widest and youngest wetland ecosystem, is the largest estuary delta 
natural reserve in China [9]. The shortcut course and seawater intrusion have resulted in some degradation of tidal 
wetlands of the Yellow River Delta in the past years. A wetland restoration project was implemented by the Yellow 
River Delta Management Committee by transporting the Yellow River water to reflood this region in 2002. 
Although plant community and bird species, and soil salt cations have been investigated in the restored wetlands 
[6,10], little information is available on soil nutrients in the unrestored and restored wetlands to assess the efficiency 
of wetland restoration. 
Soil nutrients (eg. N, P, and S) play a critical role in the biogeochemistry and primary productivity of wetlands 
[1,11,12], and their content changes can be influenced strongly by land-use types [13] and hydrological conditions [1]. 
Therefore, the primary objective of this study is to investigate profile distributions of soil nutrients and their 
relationships with soil properties in the unrestored and restored wetlands in the Yellow River Delta.  
2. Materials and Methods 
2.1 Study area and restoration program description 
The Yellow River Delta is one of the most active regions of land-ocean interaction among the large river deltas in 
the world. Large amounts of sediment are carried by the Yellow River and deposited at the river mouth to form new 
land. The average rate of land-formation is 30 km2 per year [9]. The study area is located at the Yellow River Delta 
Natural Reserve, within the range N37°35′-38°12′and E118°33′-119°20′ (Figure1). It has a temperate, continental 
monsoon climate, distinct seasons, and contemporary conditions for rain and heat. The annual mean air temperature 
is 11.9ć, with 196 frostless days. The annual mean rainfall is 640 mm, annual mean evaporation is 1962 mm, and 
the drought index is up to 3.56 [6].  
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Fig.1 Locations of the unrestored and restored wetlands in the Yellow River Delta Nature Reserve  
 
 
The restoration project was initially designed to bring freshwater from the Yellow River to the wetland in dry 
season and resist saltwater intrusion, thus increasing the self-regulatory capacity of wetland ecosystem. The 
restoration program was implemented in July, 2002. The general objective is that the hydrological process will be 
improved and soil conditions, where salinization had constituted the primary threat to the freshwater wetlands, will 
provide suitable habitats for freshwater vegetation and birds [6]. After the implementation of restoration projects for 
three years, the ecological conditions were obviously improved in the restorated wetlands. The area of open water 
has been markedly expanded. Phragmites communis and Artemisiascoparia Waldst.EtKit. with higher densities and 
heights become the dominant plant species in the restored wetlands. However, the unrestored wetlands were mainly 
under semi-closed flow conditions with larger bare land areas, with serious soil salinization, and even there was 
obvious salt grain on the surface ground. Biodiversity was much lower in the unrestored wetlands than those in the 
restored wetlands [10]. 
2.2 Soil sampling and analysis  
Eight sampling plots were randomly selected in the unrestored and restored wetlands respectively in 2005. Soil 
profiles were stratified with at interval of 0-10 cm, 10-20 cm, 20-40 cm and 40-70 cm at each sampling plot. In total 
of 64 soil samples were obtained. All soil samples were placed into polyethylene bags and brought to the laboratory 
and then air dried at room temperature for three weeks. All the air-dried soil samples were sieved through a 2-mm 
nylon sieve to remove coarse debris and then ground with a pestle and mortar until all particles passed a 0.149-mm 
nylon sieve for determining soil chemical properties.  
Soil organic matter (SOM) was determined using the method presented by Walkley and Black [14]. Total carbon 
(TC) and total nitrogen (TN) was measured on Elemental Analyzer (Vario El, Elementar Co., Germany). Total 
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sulfur (TS), phosphorous (TP) and potassium (K) were digested by acid and measured by ICP-AES, with recovery 
rate of 95-105%. Soil pH (H2O) and conductivity (EC) were measured using a pH meter and conductivity meter, 
respectively (soil: water =1:5). 
2.3 Statistical Analysis 
Data analysis was carried out using SPSS 13.0. Pearson correlation analysis was performed to reveal the 
relationships between selected soil properties. One-way ANOVA analysis was performed to identify significant 
differences between soil properties in the unrestored and restored wetlands. Difference was considered significant if 
p<0.05. Graphs were conducted using Origin 6.1 software packages. 
3. Results 
3.1 Profile distribution of soil nutrients 
Figure 2 shows vertical distribution characteristics of soil properties with depth along the profiles. Soil pH 
showed a significant increase (p<0.001) from surface soils (0-10 cm) to subsurface soils (10-20 cm) and then kept 
stable at deeper soil layers in both wetlands. Compared to unrestored wetlands, the restored wetlands contained 
relatively lower pH values along the soil profiles, while no significant difference was observed (p>0.1). However, 
significantly higher values of soil EC, TN, SOM and TS could be observed in surface soils than those in deeper soils 
(p<0.01) in the unrestored and restored wetlands. Their concentrations dropped sharply from the surface soils to 
subsurface soils, and then maintained at stable level in deeper horizons. Total carbon showed gradual declining trend 
with depth. Although the EC, TN, SOM, and TC at each layer were not significantly different between both 
wetlands while their mean values in top soils showed a decrease in restored wetlands than those in unrestored 
wetlands. TS content of top soils in unrestored region was about six times as high as the TS in restored wetlands. No 
significant difference (p>0.05) was detected between two regions for TS concentrations at other soil layers. In 
contrast, the total concentration of P and K in restored wetlands were higher than those in unrestored wetlands. They 
were not significant along soil profiles in both wetlands. 
Moreover, higher variations of these soil properties appeared in surface soils of both restored and unrestored 
wetlands in comparison with deeper soils. Soil EC values ranged from 3.6 to 41.3 ms/cm and from 1.2 to 33.7 in 
restored wetland and in unrestored wetlands, respectively. Total sulfur concentrations varied with variation 
coefficient of more than 90% in top soils of both wetlands (Table 1). From table 1, all soil properties, except pH, TP 
and K, reached or even exceeded intermediate variability according to Cambardella et al. [15]. Their coefficients of 
variation generally declined with the depth. Coefficients of variation of soil pH, SOM, TC, TP and K in top soils 
were lower in restored wetlands than those in unrestored wetlands. While those of EC, TN and TS were much higher 
in restored wetlands. 
3.2 Relationships among soil nutrients, pH and EC 
Table 2 shows the correlation among soil nutrients (eg. TN, SOM, TC, TS, TP and K), pH and EC values. Total S 
in top soil showed significantly negative correlations with soil TK (p<0.01) and positive correlations with soil EC in 
unrestored (p<0.05) and in restored wetlands (p<0.01). However, deeper soils, TS were significantly correlated with 
TN and TC (p<0.01). Soil pH was significantly and negatively correlated with EC (p<0.01) along soil profiles of 
both wetlands except in upper soils of unrestored wetland. However, TN and TC were always positively correlated 
with each other in unrestored and restored wetlands. We also observed SOM were not significantly correlated with 
other soil properties (p>0.05). Additionally, soil EC were significantly and negatively with soil pH in both wetlands 
(p<0.01).  
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Fig.2 Vertical distribution of soil properties in both restored and unrestored wetlands 
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4. Discussion 
4.1 Vertical distribution of soil properties with depth along soil profiles 
Yellow River Delta is a typical coastal wetland which was influenced by seawater with high salt contents. Due to 
seepage or flooding during high tides and coastal storms, and poor drainage from high groundwater tables [16], EC 
values in top soils were higher than those of deeper soils. The increasing pH along the profile is probably due to the 
closeness of the layers to the parent material [17]. Soil pH had significantly negative correlation with EC except for 
the surface soils in unrestored wetlands. High salt contents increased soil buffering ability, therefore soil pH 
decreased corresponding. Due to plant cycling is a dominant control of nutrient distributions in the soil [18], 
biological cycling generally moves nutrients upwards because some proportion of the nutrients absorbed by plants 
are transported aboveground and then recycled to the soil surface by litterfall and throughfall [19,20]. The vertical 
distribution pattern of TN, SOM, TC and TS were consistent with their results. Soil TP and TK values kept at a 
constant level along profiles, which were probably due to soil parent material. 
Since sulfur concentrations had significant positive correlations with EC only in upper soils, it could be inferred 
that the sources of sulfur were different from deeper layers. The accumulated sulfur in surface soils might be mainly 
inorganic sulfate from seawater. Prusty et al. [17] reported that sulfate salts were the significant contributors of the 
soluble solids/salts in the soil. The higher concentration of sulfate was, the higher soil conductivity was. However, S 
concentration maintained at constant level and had notable positive correlation with N and C of deeper soils. The 
stable values of other soil properties in deeper soils were probably associated with soil parent materials. Organic 
sulfur which were compounded with carbon and nitrogen elements could be the mainly contribution of total S in 
deeper soils. 
Li et al. [21] and Zhao et al. [22] presented that the concentrations of sulfur in soil was positively related to soil 
organic matter, as SOM pool is an important source for S [23,24]. Any change in SOM status of soils will, therefore, 
have an effect on the total S reserve in soils [25]. However, SOM and TS had no significant correlations in this study 
area. It indicated that sulfur released by SOM was not the major contributor for high TS concentration level in this 
area. 
Moreover, TS and pH had highly and significantly negatively correlation only in surface layer of unrestoration 
region. Soil pH value was significantly affected by sulfur accumulation, which was consistent with the result of 
Schaaf et al. [26]. 
4.2 The soil properties between unrestored and restored wetlands 
In the past three years after the implementation of restoration project, the fresh water areas and flora species were 
increased obviously [6,10] due to the improvement of hydrological and soil conditions. It was reported [10] that Cl-1, 
Ca2+, Na+ and Mg2+ of soil decreased significantly in restoration wetlands. Salts were leached so that an 
improvement in soil pH and EC conditions was observed in restoration region. Reeds in restored region were reaped 
every year in order to move the nutrients from this area. Removal of crops and crop residues at harvest could result 
in major loss of soil nutrients [25,27]. And plant recovery and their growth needs more soil nutrients in the first three 
years of restoration. Therefore, the concentration of TN, SOM, TC and TS in surface layer decreased after the 
recovery comparing with the unrestoration region. Besides, due to TS was mainly constituted by inorganic sulfate 
from seawater, the decrease of TS reached extremely significant level through fresh water leaching. However, total 
concentrations of TP and K showed the opposite, which could be explained by the abundance parent material. And 
further study should be investigated. 
5.Conclusion 
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After the implementation of restoration project for three years, soil pH and conductivity condition were improved 
after the recovery. Soil nutrients (SOM, TN, TS, etc) decreased relatively after the restoration project while total 
concentrations of P and K were elevated along soil profiles. Removal of reeds in restoration region at harvest could 
result in major loss of soil nutrients. Sulfate salts were the significant contributors of the soluble salts in this area. 
Plant cycling was very important for structuring soil nutrients vertically, leading to higher values in top soils 
compared to deeper soils. Water condition played a very important role to form the difference between two regions 
and higher variation in surface soils However, more data of soil nutrients (especially their speciation) should be 
investigated to demonstrate the influences of the restoration project and explain the uncertain reasons. 
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